Abstract
Introduction
Anticonvulsants, such as carbamazepine or phenytoin, have been traditionally used for the management of neuropathic pain. Their efficacy has, however, not been unequivocally established for many types of neuropathic pain and they are often associated with side effects [1, 2] . More recently, the antiepileptics gabapentin has been increasingly used as an analgesic in neuropathic pain [1] [2] [3] . Although it was found to exert analgesic effect superior to placo in a large number of randomized, placebo controlled, double-blind clinical trials in conditions such as postherpetic neuralgia, painful diabetic neuropathy and central neuropathic pain, gabapentin only provide some degree of pain relief in a minority of neuropathic pain patients [4] [5] [6] [7] .
Another class of compounds believed to be useful in neuropathic pain is antagonists of NMDA receptors for glutamate [1, 8, 9] . Such promise was derived from the well established involvement of NMDA receptors in plasticity after injury to the nervous system as well as its pivotal role in central sensitization and hyperalgesia [8] . However, NMDA antagonists in general produced many side effects and clinical trials with several clinically available compounds with NMDA receptor blocking property in neuropathic pain have produced at best conflicting results [1, [8] [9] [10] .
It is also well established in rodent models that the antinociceptive effect of morphine is potentiated by NMDA receptor antagonists that is mediated by an interaction between the activation of the μ-opioid and NMDA receptors at cellular level [11, 12] . NMDA antagonists also reversed morphine tolerance [11] . The interaction between NMDA receptor antagonists and other analgesics is however less known. In the present study, we evaluated the analgesic interaction between NMDA receptor antagonists, MK-801 and dextromethorphan, and gabapentin using two rat models of neuropathic pain after spinal cord or sciatic nerve injury.
Materials and methods
Male and female Sprague-Dawley rats (Mollegård, Denmark) weighing 200-250 g at the start of the experiments were used. All experimental procedures were approved by the local research Ethics Committee.
Photochemically-induced ischemic spinal cord injury
Ischemic spinal cord injury was produced in female SD rat weighing 200 g according to methods described previously [13] . In brief, rats were anesthetized with chloral hydrate (300 mg/kg, i.p.) and a midline incision was made on the skin overlying vertebral segments T 12-L 1. The animals were positioned beneath an argon laser beam and irradiated for 10 min with the beam directed towards vertebral segment T 12 or T 13 (spinal segments L 3-5). Immediately prior to and 5 min after the start of the irradiation, erythrosin B (Red N°3, Aldrich-Chemie, Steinheim, Germany) dissolved in 0.9% saline was injected intravenously through the tail vein at a dose of 32.5 mg/kg. A tunable argon ion laser (Innova model 70, Coherent Laser Product Division, Palo Alto, CA, USA) operating at 514 nm was used. The average beam output power was 160 mW. The beam covers the entire width of the vertebra and the length is approximately 1-2 mm. After irradiation, the wound was closed in layers and the rats were allowed to recover. Bladder was empted manually for 1 week.
Assessment of mechanical and cold sensitivity after spinal cord injury
The behavioral assessments were conducted blindly as the groups of drugs administered. Vocalization thresholds to graded mechanical touch/pressure were tested with calibrated von Frey hairs (ranging from 0.04 to 0.2155 mN, Stoelting, Chicago, IL, USA). During testing the rats were gently restrained in a standing position and the von Frey hair was pushed onto the skin until the filament became bent. The frequency of stimulation was about 1/s and at each intensity, the stimuli were applied 5-10 times. The intensity of stimulation which induced consistent vocalization (>75% response rate) was considered as pain threshold.
The response of rats to brushing stimulation was tested with the blunt point of a pencil gently stroking the skin on the trunk in a rostro-caudal direction. The frequency of the stimulation was about 1 Hz and responses were graded with a score of 0 = no observable response; 1 = transient vocalization and moderate effort to avoid probe; 2 = consistent vocalization and aversive reactions and 3 = sustained and prolonged vocalization and aggressive behaviors. Normal rats exhibited no reactions to such brush stimuli (score 0).
Responses to cold was tested with ethyl chloride spray applied to the shaved allodynic skin area. The response was graded with a score of 0 = no observable response; 1 = localized response (skin twitch and contraction), no vocalization; 2 = transient vocalization, moderate struggle and 3 = sustained vocalization and aggression. Normal rats usually had response score of 0 or 1.
Photochemically-induced sciatic nerve injury
Male SD rats were anesthetized by chloral hydrate (300 mg/kg, i.p.) and the left sciatic nerve was exposed. The nerve trunk was gently dissected free from the surrounding tissue over a distance of about 1 cm proximal to trifurcation. The exposed nerve was irradiated with an argon ion laser for 2 min. The irradiation was performed with a knife-edged beam across the nerve. Aluminum foil was placed under the nerve to isolate the surrounding tissue and to reflect light. Just before the irradiation, erythrosin B (Aldrich, USA 32.5 mg/kg dissolved in 0.9% saline) was injected i.v. via the tail vein. After the surgery the wounds were closed in layers and the rats were returned to the cages for subsequent behavioral tests.
Assessment of mechanical sensitivity after sciatic nerve injury
The behavioral assessments were conducted blindly as the groups of drugs administered. To test of sensitivity to mechanical stimulation, the rats were placed in plastic cages with a metal mesh floor. The plantar surface of the hind paws was stimulated with a set of calibrated von Frey hairs (ranging from 0.04 to 0.2155 mN, Stoelting, Chicago, IL, USA) with increasing force until the animal withdrew the limb. Each monofilament was applied 5 times. The withdrawal threshold was taken as the force at which the animal withdrew the paw from at least three out of five consecutive stimuli.
Drugs and statistics
Gabapentin injected i.p. in a volume of 0.1 mL/kg. The behavioral assessments were conducted blindly. Data are expressed as median ± median absolute deviation (MAD) and analyzed with Friedman one way analysis of variance for repeated measurements and Wilcoxon signed-ranks test.
Results

Spinally injured rats
As previously described, some spinally injured rats developed allodynia-like behavior manifested as reduction in vocalization threshold to mechanical touch stimulation applied by the von-Frey hairs or by brush and as increased response to cold stimulation applied by ethyl chloride spray. And saline treatment has no effect on either mechanical or cold sensitivity on our neuropathic pain models [13] [14] [15] .
I.p. dextromethorphan or gabapentin did not alleviate allodynia-like behaviors at the doses up to 20 or 30 mg/kg, respectively (Figs. 1-3) . Further increasing the dose of dextromethorphan or gabapentin produced numerous side effects, including sedation and motor impairment for gabapentin and hyperactivity for dextromethorphan. Combining gabapentin (7.5, 15 or 30 mg/kg) with low doses of dextromethorphan (5 or 10 mg/kg) significantly increased vocalization threshold to von-Frey hair stimulation ( Fig. 1) , reduced and normalized increased response to brush (Fig. 2) or cold (Fig. 3) stimulation. The antiallodynic effect of dextromethorphan and gabapentin is long-lasting, but reversible. At doses used, gabapentin, dextromethorphan or combination did not produce observable side effects, such as sedation, motor impairments or hyperactivity. I.p. MK-801 at 0.05 or 0.1 mg/kg also did not affect mechanical allodynia-like behavior in spinally injured rats whereas combination of small doses (0.01 or 0.05 mg/kg) of MK-801 with 15 mg/kg gabapentin again significantly increased vocalization threshold to von-Frey stimulation (Fig. 4) . The cold allodynia was also similarly reduced (not shown).
Sciatic nerve injury
Rats subjected to ischemically-induced sciatic nerve injury developed mechanical hypersensitivity seen as bilaterally decreased paw withdrawal threshold to vonFrey hair stimulation which peaked at 1-2 weeks when the experiments were conducted. The mechanical hypersensitivity is more severe on the ipsilatera side to the irradiation than the contralateral side and the data from the ipsilateral were presented. I.p. dextormethorphan or gabapentin did not affect mechanical allodynia in sciatic nerve injured rats in the present experiments as doses up to 40 or 100 mg/kg despite the presence of side effects (Fig. 5) . In contrast, combining gabapentin 30 mg/kg with 20 mg/kg dextromethorphan significantly increased paw withdrawal threshold to von-Frey stimulation in nerve injured rats (Fig. 5 ).
Discussion
The present results showed that combining NMDA receptor antagonists and gabapentin produced synergistic antiallodynic effect in two rat models of neuropathic pain after spinal cord or sciatic nerve injury. The effect of the combination is clearly synergistic rather than additive since either drug along did not produce any effects at doses equal or even larger than that of the combination [16, 17] . At effective doses, the combination did not produce increased side effects in comparison to either drug alone. Thus, the present results support a potential clinical application of this combination strategy, particularly with NMDA antagonists that are clinically available, in treating patients with neuropathic pain of central and/ or peripheral origins. The mechanisms by which synergism between dextromethorphan and gabapentin occurs are unclear. The analgesic effect of gabapentin may be related to its binding to the α2δ subunit of the voltage-dependent calcium channels (VDCCs) [18, 19] . Thus, such synergism may be derived from a simultaneous reduction in calcium entry through blockade of VDCCs and NMDA receptor/ channels. In this context, it is noteworthy that gabapentin per se often produced limited effect on various types of Ca 2+ currents [20] [21] [22] [23] . In addition, such interaction may also occur directly at the NMDA receptor complex. Previous work has shown that the anti-hyperalgesic effect of gabapentin was blocked by D-serine, an agonist at the glycine site of the NMDA receptor [24, 25] . The direct effect of gabapentin on NMDA receptor is, however, an enhancement of NMDA-evoked current in isolated neurons that may be difficult to reconcile with its analgesic effect [26, 27] . Gabapentin is also able to reduce glutamate release in some systems that may also contribute to its interaction with an additional blockade of the NMDA receptors [28, 29] . Finally, although dextormethorphan can also act on VDCCs [30] , the fact that MK-801 also enhances the effect of gabapentin made it unlikely that such interaction take place solely at the VDCCs.
It is interesting to note that the synergism between dextromethorphan and gabapentin produces larger effect in spinally injured rats than in rats with sciatic nerve injury. This is possibly due to the fact that both drugs are less potent in the periphery vs. central model [17, 31] and may reflect different mechanisms for these two neuropathic pain models. Nonetheless, it is tempting to suggest that this combination may be particularly useful in treating spinal cord injury pain, a difficult clinical problem [32] . Our results also support the clinical observation [9] in which they showed that combination of dextromethorphan and gabapentin alleviated neuropathic pain in patients with spinal cord injury.
Conclusion
In conclusion, the present study suggested that combining NMDA receptor antagonists with gabapentin could provide a new approach in alleviating neuropathic pain with increased efficacy and reduced side effects.
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